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includes the steps of: introducing the measurement gas 
containing the gas component, from an external 
measurement-gas space into a fifst internal space (6), under 
a diffusion resistance; controlling an amount of oxygen in 
the measurement gas within the first internal space, so as to 
produce an atmosphere which does not substantially affect 
measurement of the gas component and which does not 
convert the gas component; introducing the atmosphere 
from the first internal space into a second internal space (8), 
under a diffusion resistance; and measuring the 
concentration of the gas component present in the 
atmosphere in the second internal space. 
EXEMPLARY CLAIMS- A method of measuring 
concentration of NOx as a component of a measurement 
gas, comprising the steps of:; introducing the measurement 
gas containing the NOx component from an external 
measurement-gas space into a first internal space (6), with 
a first diffusion resistance;; controlling the amount of 
oxygen in the measurement gas within said first internal 
space so as to produce an atmosphere having a 
predetermined oxygen partial pressure;; introducing said 
atmosphere from said first internal space into a second 
internal space (8) with a second diffusion resistance;; 
determining the concentration of the NOx component 
present in the atmosphere in said second internal space by 
contacting the gas in said second internal space with a NOx 
decomposition catalyst so as to derive oxygen from the NOx 
component and measuring the oxygen in said second 
internal space; and; controlling at least one of the oxygen 
partial pressure and the temperature of the atmospheres in 
said first and second internal spaces so that the determined 
concentration of the NOx component of the atmosphere in 
said second internal space corresponds to the concentration 
of NOx in said measurement gas.; A method according to 
claim 1, wherein said NOx component in said second internal 
space (8) whose concentration is determined consists 
essentially of NO.; A method according to claim 1 or 2, 
wherein said amount of oxygen in the measurement gas is 
controlled in said first internal space so that said atmosphere 
has a substantially negligible level of oxygen concentration.; 
A method according to claim 1 or 3, wherein said amount of 
oxygen in the measurement gas is controlled in said first 
internal space (6) by an oxygen pumping action of a first 
electrochemical cell (4a, 16, 18; 56).; A method according 
to any one of claims 1 to 4, wherein said second internal 
space (8) is filled with a porous body (44) having said 
second diffusion resistance.; A method according to any one 
of claims 1 to 5, comprising the steps: 
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(54) Method of measuring a gas component and sensing device for measuring the gas 
component 

(57) A method and a sensing device of measuring a 
concentration of a gas component of a measurement 
gas, which method includes the steps of: introducing the 
measurement gas containing the gas component, from 
an external measurement-gas space into a first internal 
space (6), under a diffusion resistance; controlling an 
amount of oxygen in the measurement gas within the 
first internal space, so as to produce an atmosphere 
which does not substantially affect measurement of the 
gas component and which does not convert the gas 
component; introducing the atmosphere from the first 
internal space into a second Internal space (8), under a 
diffusion resistance; and measuring the concentration 
of the gas component present in the atmosphere in the 
second internal space. 
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Description 

[0001] The present invention relates to a method 
and a sensing device for measuring a component con- 
tained in a measurement gas, and more particularly to 5 
methods and various gas sensors for determining the 
concentration of gas components containing bonded 
oxygen. In particular, the present invention is concerned 
with a sensor adapted for measuring the concentration 
of NOx as a component of a combustion gas, and a 10 
method for determining the NOx concentration. 
[0002] Various measuring methods and devices 
have been proposed for determining the concentration 
of a desired gas component in a measurement gas. A 
known method of measuring NOx in combustion gases, is 
for example, employs a sensor having an oxygen-ion 
conductive solid electrolyte, such as zircon ia, and a Pt- 
containing electrode and a Rh-containing electrode 
formed thereon. This method utilizes the ability of Rh to 
reduce NOx, and determine the NOx concentration by 20 
measuring an electromotive force induced between the 
two electrodes. However, this sensor tends to suffer 
from noise, since the electromotive force varies to a 
great extent with a change in the concentration of oxy- 
gen contained in the combustion gases, but varies a 25 
small extent in response to a change in the NOx con- 
centration. In addition, CO or other reducing gas is 
needed for the Rh electrode to reduce the NOx. Under 
a lean combustion condition using an excessively small 
amount of a fuel, a large amount of NOx is generated, 30 
which exceeds the amount of CO generated. Thus, the 
known sensor is not able to make a measurement with 
respect to a combustion gas produced under such a 
lean combustion condition. 

[0003] There is also known a method of measuring 35 
NOx by using a pair of electrochemical pumping cell 
and sensing cell which include Pt electrodes and oxy- 
gen-ion conductive solid electrolyte, and a pair of elec- 
trochemical pumping cell and sensing cell which include 
Rh electrodes and oxygen-ion conductive solid electro- 40 
lyte, as disclosed in JP-A-63-38154 and JP-A-64- 
39545. The concentration of NOx is calculated based 
on a difference in pumping currents flowing through the 
respective pumping cells. In further methods as dis- 
closed in JP-A-1 -277751 and JP-A-2-1 543, a first and a 45 
second pair of an electrochemical pumping cell and 
sensing cell are prepared, and a limiting current is 
measured by a sensor having the first pair of pumping 
and sensing cells, under the oxygen partial pressure 
that does not allow reduction of NOx, while a limiting so 
current is measured by a sensor having the second pair 
of pumping and sensing cells, under the oxygen partial 
pressure which allows reduction of NOx, so as to meas- 
ure the NOx concentration based on a difference in the 
limiting currents of the two sensors. It is also proposed 55 
to measure a difference in the limiting currents, using a 
sensor having a pair of pumping and sensing cells, by 
regulating the oxygen partial pressure in the measure- 
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ment gas between two levels, one of which does not 
allow reduction of NOx while the other allows the NOx 
reduction. 

[0004] Referring to Fig. 25 showing the principle of 
the known methods as described above, a first and a 
second sensing element 61 , 62, which are formed inde- 
pendently of each other, have respective internal 
spaces 65, 66 which communicate with an exterior 
measurement-gas space through corresponding diffu- 
sion resistance portions 63, 64, and respective electro- 
chemical pumping cells 67, 68 using solid electrolyte. 
The first sensing element 61 effects pumping of only 
oxygen under a predetermined diffusion resistance, and 
the oxygen concentration is obtained by multiplying the 
pumping current lp 1 by a current sensitivity coefficient 
The second sensing element 62 having an electrode 
or catalyst capable of reducing NOx effects pumping of 
both oxygen and NOx under a predetermined diffusion 
resistance, and a sum of the oxygen and NOx concen- 
trations is obtained by multiplying the pumping current 
lp 2 by a current sensitivity coefficient K 2 . Thus, the NOx 
concentration "Cu" is calculated according to the follow- 
ing equation: 

Cn = K 2 • lp 2 * K i * 'Pi 

[0005] In the above method of measuring NOx, 
however, a considerably small current flows due to NOx 
to be measured, and the most part of the limiting current 
is caused by a large amout of oxygen contained in the 
measurement gas. Therefore, the small current value 
corresponding to NOx is obtained from a difference 
between the two large pumping currents lp 1( lp 2 . With 
use of one sensor in which the oxygen partial pressure 
is regulated as described above, the NOx cannot be 
continuously measured, and the operating response 
and measuring accuracy are deteriorated. With use of 
two sensors having different oxygen partial pressures, a 
measurement error is likely to occur with a great change 
in the oxygen concentration of the measurement gas, 
and therefore this method cannot be employed in auto- 
mobile applications, for example, where the oxygen 
concentration in exhaust gases varies to a large extent. 
This is because the dependency of the pumping current 
of one of the sensors on the oxygen concentration dif- 
fers from that of the other sensor. In the case of an auto- 
mobile running under the air/fuel ratio of 20, for 
example, the oxygen concentration is generally several 
percentages of exhaust gases, whereas the NOx con- 
centration is several hundreds of ppm, which is about 
1/100 of the oxygen. If the dependency of the pumping 
current on the oxygen concentration slightly differs 
between the two sensors, therefore, a difference in the 
limiting currents due to the varied oxygen concentration 
becomes larger than a change in the limiting currents 
due to NOx to be measured. The known method 
involves other problems. That is, if diffusion means or 
small leak formed in the pumping cell is clogged with oil 
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ash in the exhaust gases, the pumping current may be 
undesirably changed, resulting in reduced measuring 
accuracy. With a great variation in the temperature of 
the exhaust gases, the measurement results may 
involve some abnormality. Further, a difference in the 
chronological changes in the characteristics between 
the two sensors may lead to measuring errors, making 
the sensors undurable for use for a long period of time. 
[0006] While the oxygen present in the measure- 
ment gas causes various problems upon measurement 
of NOx, as described above, the oxygen also causes 
similar problems, such as reduced measuring accuracy, 
upon measurement of gas components other than NOx, 
and these problems have been strongly desired to be 
solved. 

[0007] It is therefore a first object of the present 
invention to provide a method for measuring the con- 
centration of a desired component in a measurement 
gas, in particular, a gas component containing bonded 
oxygen, without being affected by the oxygen concen- 
tration or its variation, thus assuring improved operating 
response even in repeated measurements, and 
improved measuring accuracy for a long period of time. 
It is a second object of the invention to provide a sens- 
ing device adapted for measuring the concentration of a 
gas component according to the above method. The 
present invention may be practiced for an NOx sensor 
which is able to measure an increased range of NOx, in 
combustion gases produced under a wide range of the 
air/fuel ratio, that is, from a rich burn region using exces- 
sive fuel to a lean burn region using excessive air. 
[0008] According to a first aspect of the present 
invention, there is provided a method of measuring a 
concentration of a gas component of a measurement 
gas, comprising the steps of: introducing the measure- 
ment gas containing the gas component, from an exter- 
nal measurement-gas space into a first internal space, 
under a first diffusion resistance; controlling an amount 
of oxygen in the measurement gas within the first inter- 
nal space, so as to produce an atmosphere which does 
not substantially affect measurement of the gas compo- 
nent and which does not convert the gas component; 
introducing the atmosphere from the first internal space 
into a second internal space, under a second diffusion 
resistance; and measuring the concentration of the gas 
component present in the atmosphere in the second 
internal space. 

[0009] According to the above-described method of 
measuring a desired gas component of a measurement 
gas, the concentration of the gas component can be 
measured with high accuracy, without being affected by 
the oxygen concentration or its variation in the measure- 
ment gas, assuring improved operating response even 
in repeated measurements, and improved measuring 
accuracy for a long period of time. Further, the present 
method enables measurement of an increased range of 
NOx, in combustion gases produced under a wide 
range of the air/fuel ratio, that is, from a rich burn region 



using excessive fuel to a lean burn region using exces- 
sive air, without being affected by oil ash. 
[0010] In one preferred form of the first aspect of 
the invention as described above, the amount of oxygen 

5 in the measurement gas is controlled in the first internal 
space so that the atmosphere has a substantially negli- 
gible level of an oxygen concentration. 
[001 1] In another preferred form of the same aspect 
of the invention, the amount of oxygen in the measure- 
to ment gas is controlled in the first internal space by an 
oxygen pumping action of an electrochemical cell. 
[0012] According to a second aspect of the present 
invention, there is provided a method of measuring a 
concentration of a gas component of a measurement 

15 gas, the gas component having bonded oxygen, com- 
prising the steps of: introducing the measurement gas 
containing the gas component having bonded oxygen, 
from an external measurement-gas space into a first 
internal space, under a first diffusion resistance; control- 

20 ling an amount of oxygen in the measurement gas 
within the first internal space, so as to produce an 
atmosphere which does not substantially affect meas- 
urement of the gas component and which does not sub- 
stantially reduce or decompose the gas component; 

25 introducing the atmosphere from the first internal space 
into a second internal space, under a second diffusion 
resistance; reducing or decomposing the gas compo- 
nent present in the atmosphere in the second internal 
space, and pumping out oxygen produced upon the 

30 reduction or decomposition, by an oxygen pumping 
action of an electrochemical cell; and detecting a pump- 
ing current flowing through the electrochemical cell, so 
as to calculate the concentration of the gas component 
in the measurement gas, on the basis of the pumping 

35 current. 

[0013] In one preferred form of the second aspect 
of the invention, the amount of oxygen in the measure- 
ment gas is controlled in the first internal space so that 
the atmosphere has a substantially negligible level of an 

40 oxygen concentration. 

[001 4] In another preferred form of the same aspect 
of the invention, the amount of oxygen in the measure- 
ment gas is controlled in the first internal space by an 
oxygen pumping action of an electrochemical cell. 

45 [0015] According to a third aspect of the present 
invention, there is provided a method of measuring a 
concentration of a gas component of a measurement 
gas, the gas component having bonded oxygen, com- 
prising the steps of: introducing the measurement gas 

so containing the gas component having bonded oxygen, 
from an external measurement-gas space into a first 
internal space, under a first diffusion resistance; regu- 
lating an oxygen partial pressure in the first internal 
space, by an oxygen pumping action of a first electro- 

55 chemical cell, so as produce an atmosphere having a 
predetermined level of the oxygen partial pressure, 
which does not cause reduction or decomposition of the 
gas component at a first elevated temperature of the 
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first internal space; introducing the atmosphere from the 
first internal space into a second internal space, under a 
second diffusion resistance; regulating an oxygen par- 
tial pressure in the second internal space, by pumping 
out oxygen due to an oxygen pumping action of a sec- 
ond electrochemical cell, so that the oxygen partial 
pressure is regulated to a predetermined level which 
allows reduction or decomposition of the gas compo- 
nent at a second elevated temperature of the second 
internal space, the second electrochemical cell further 
pumping out oxygen produced upon reduction or 
decomposition of the gas component; and detecting a 
pumping current flowing through the second electro- 
chemical cell, so as to calculate the concentration of the 
gas component in the measurement gas, on the basis of 
the pumping current. 

[0016] The second internal space may be filled with 
a porous body having the second diffusion resistance. 
[0017] In one preferred form of the third aspect of 
the invention, the oxygen partial pressure in the first 
internal space is detected, and the oxygen pumping 
action of the first electrochemical cell is controlled by 
varying a voltage applied to the first electrochemical 
cell, based on the detected oxygen partial pressure, so 
that the oxygen partial pressure in the first internal 
space is regulated to a constant value. 
[001 8] In another preferred form of the same aspect 
of the invention, the oxygen pumping action of the sec- 
ond electrochemical cell is effected by applying thereto 
a constant voltage which provides a diffusion limiting 
current to the gas component, the oxygen partial pres- 
sure of the atmosphere in the second internal space 
being regulated by application of the diffusion limiting 
current. 

[0019] In a further preferred form of the same 
aspect of the invention, the second elevated tempera- 
ture of the second internal space is not lower than the 
first elevated temperature of the first internal space. 
[0020] In a still further preferred form of the same 
aspect of the invention, the oxygen partial pressure in 
the second internal space is not higher than the oxygen 
partial pressure in the first internal space. 
[0021] The above-indicated gas component having 
bonded oxygen, which is to be measured by the present 
method, may be advantageously selected from among 
NOx, C0 2 and H 2 0. 

[0022] According to a fourth aspect of the present 
invention, there is provided a sensing device for meas- 
uring a concentration of a gas component of a measure- 
ment gas, the gas component having bonded oxygen, 
comprising: means for defining a first internal space 
which communicates with an external measurement- 
gas space where the measurement gas is present; first 
diffusion means for introducing the measurement gas 
containing the gas component from the external meas- 
urement-gas space into the first internal space, under a 
first diffusion resistance; first oxygen pumping means 
comprising an electrochemical cell having a first oxy- 



gen-ion conductive solid electrolyte and a pair of elec- 
trodes formed thereon, for effecting an oxygen pumping 
action with respect to the first internal space, so that an 
oxygen partial pressure of an atmosphere in the first 

5 internal space is regulated to a predetermined level 
which does not substantially permit reduction or decom- 
position of the gas component; means for defining a 
second internal space which communicates with the 
first internal space; second diffusion means for introduc- 

10 ing the atmosphere from the first internal space into the 
second internal space, under a second diffusion resist- 
ance; second oxygen pumping means comprising an 
electrochemical cell having a second oxygen-ion con- 
ductive solid electrolyte and a pair of electrodes formed 

1 5 thereon, for pumping out oxygen from an atmosphere in 
the second internal space, so that an oxygen partial 
pressure of the atmosphere in the second internal 
space is regulated to a predetermined value which per- 
mits reduction or decomposition of the gas component, 

20 whereby the gas component present in the atmosphere 
in the second internal space is reduced or decomposed, 
the second oxygen pumping means further pumping out 
oxygen produced upon the reduction or decomposition; 
and current detecting means for detecting a pumping 

25 current flowing through the second oxygen pumping 
means. 

[0023] The above-described sensing device yields 
the same effects or advantages as provided by the 
method of the present invention. 

30 [0024] In one preferred form of the fourth aspect of 
the invention, the sensing device further includes a cat- 
alyst disposed in the second internal space, for reduc- 
ing or decomposing the gas component so as to detach 
oxygen from the gas component. 

35 [0025] In the above form of the invention, one of the 
pair of electrodes of the electrochemical cell of the sec- 
ond oxygen pumping means, which is disposed in the 
second internal space, may serve as the catalyst. 
[0026] In another preferred form of the same aspect 

40 of the invention, the sensing device has a sensing ele- 
ment which includes the first and second oxygen-ion 
conductive solid electrolytes as integral parts thereof, 
the first and second internal spaces, the first and sec- 
ond diffusion means and the first and second oxygen 

45 pumping means being formed in the sensing element. 
[0027] In the above form of the invention, the sens- 
ing element may have a narrow, flat space having a pre- 
determined diffusion resistance, which space has an 
opening exposed to the external measurement-gas 

so space, the flat space comprising the first and second 
diffusion means, the first internal space consisting of a 
first portion of the flat space adjacent to the opening, in 
which the first oxygen pumping means is provided, the 
second internal space consisting of a second portion of 

55 the flat space remote from the opening and inside of the 
first portion, in which the second oxygen pumping 
means is provided. 

[0028] Further, the first and second oxygen-ion 
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conductive solid electrolytes may form an oxygen-ion 
conductive solid electrolyte layer, or two separate oxy- 
gen-ion conductive solid electrolyte layers. 
[0029] The sensing device as described above may 
further include a porous body filling the opening of the 5 
flat space of the sensing element, the porous body hav- 
ing a predetermined diffusion resistance. 
[0030] In a further preferred form of the invention, 
the sensing device further includes a heater for heating 
the first and second internal spaces to respective prede- 
termined temperatures. In this case, the sensing device 
can effectively operates even at a relatively low temper- 
ature, while effectively decomposing the gas compo- 
nent of the measurement gas. 
[0031] According to a fifth aspect of the present 
invention, there is provided a sensing device for meas- 
uring a concentration of a gas component of a measure- 
ment gas, comprising a sensing element including an 
oxygen-ion conductive solid electrolyte as an integral 
part thereof, the gas component having bonded oxygen, 
the sensing element comprises: means for defining a 
first internal space which communicates with an exter- 
nal measurement-gas space where the measurement 
gas is present; first diffusion means for introducing the 
measurement gas containing the gas component from 
the external measurement-gas space into the first inter- 
nal space, under a first diffusion resistance; means for 
defining a second internal space communicating with 
the first internal space; a catalyst disposed in the sec- 
ond internal space; second diffusion means for intro- 
ducing an atmosphere in the first internal space into the 
second internal space, under a second diffusion resist- 
ance; a heater for heating the first and second internal 
spaces up to first and second temperatures, respec- 
tively; first oxygen pumping means comprising an elec- 
trochemical cell having the oxygen-ion conductive solid 
electrolyte and a pair of electrodes formed thereon, for 
effecting an oxygen pumping action with respect to the 
first internal space, so that an oxygen partial pressure of 
the atmosphere in the first internal space is regulated to 
a predetermined level which does not substantially 
allow reduction or decomposition of the gas component 
at the first temperature; second oxygen pumping means 
comprising an electrochemical cell having the oxygen- 
ion conductive solid electrolyte and a pair of electrodes 
formed thereon, for pumping out oxygen from an atmos- 
phere in the second internal space, so that an oxygen 
partial pressure of the atmosphere in the second inter- 
nal space is regulated to a predetermined value which 
allows reduction or decomposition of the gas compo- 
nent at the second temperature, whereby the gas com- 
ponent present in the atmosphere in the second internal 
space is reduced or decomposed, the second oxygen 
pumping means further pumping out oxygen produced 
upon the reduction or decomposition; and current 
detecting means for detecting a pumping current flow- 
ing through the second oxygen pumping means. 
[0032] The second internal space may be formed 



separately from the first internal space within the sens- 
ing element. In other cases, the second diffusion means 
may consist of a porous body having the second diffu- 
sion resistance, the second internal space being filled 
with the porous body. 

[0033] In one preferred form of the fifth aspect of 
the present invention, the sensing device further 
includes oxygen partial pressure detecting means for 
detecting the oxygen partial pressure of the atmosphere 
in the first internal space, the first oxygen pumping 
means applying a controlled current to the pair of elec- 
trodes of the electrochemical cell of the first pumping 
means, on the basis of the oxygen partial pressure 
detected by the detecting means, so as to regulate the 
oxygen partial pressure in the first internal space, with 
improved accuracy and ease. 

[0034] In another preferred form of the same aspect 
of the invention, a reference-gas chamber containing a 
reference gas is formed in the sensing element, sepa- 
rately from the first and second internal spaces, the oxy- 
gen partial pressure detecting means comprising an 
electrochemical cell which comprises an oxygen-ion 
conductive solid electrolyte extending between the ref- 
erence-gas chamber and the first internal space, a ref- 
erence electrode located in the reference-gas chamber 
and formed in contact with the solid electrolyte, and a 
measuring electrode located in the first internal space 
and formed in contact with the solid electrolyte. In this 
case, the reference-gas chamber is preferably exposed 
at an opening thereof to an ambient atmosphere, such 
that the ambient atmosphere is introduced into the ref- 
erence-gas chamber through the opening, to provide 
the reference gas. 

[0035] In the above form of the invention, the elec- 
trochemical cell of the second oxygen pumping means 
may comprise an oxygen-ion conductive solid electro- 
lyte extending between the second internal space and 
the reference-gas chamber, a first pumping electrode 
located in the second internal space and formed in con- 
tact with the solid electrolyte, and a second pumping 
electrode located in the reference-gas chamber and 
formed in contact with the solid electrolyte. Preferably, 
the oxygen-ion conductive solid electrolyte of the elec- 
trochemical cell of the second oxygen pumping means 
and the oxygen-ion conductive solid electrolyte of the 
electrochemical cell of the oxygen partial pressure 
detecting means constitute an integral oxygen-ion con- 
ductive solid electrolyte, and the second pumping elec- 
trode and the reference electrode formed on the solid 
electrolyte constitute a common electrode. 
[0036] In the above form of the invention, the first 
pumping electrode of the electrochemical cell of the 
second oxygen pumping means, which is disposed in 
the second internal space, may also serves as the cata- 
lyst. This leads to a simplified process of manufacturing 
the device. 

[0037] The above-indicated first pumping electrode 
may be formed of a porous cermet consisting of a 
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ceramic, and a metal which is able to reduce or decom- 
pose the gas component having bonded oxygen. 
[0038] Further, the catalyst may be disposed in the 
second internal space, in the vicinity of the first pumping 
electrode of the electrochemical cell of the second oxy- 5 
gen pumping means, or may be superposed on the first 
pumping electrode of the electrochemical cell of the 
second oxygen pumping means. 
[0039] The above-indicated heater may be located 
nearer to the second internal space than to the first 10 
internal space within the sensing element, so that the 
second internal space is heated to a higher temperature 
than the first internal space. With the heater thus 
located, the gas component can be more easily reduced 
or decomposed in the second internal space. 15 
[0040] The above-indicated second diffusion resist- 
ance of the second diffusion means is preferably deter- 
mined to be larger than the first diffusion resistance of 
the first diffusion means. This effectively eliminates an 
adverse influence on the measurement of the gas com- 20 
ponent of the measurement gas, due to clogging by oil 
ash. 

[0041] The gas component having bonded oxygen, 
which is to be measured by the present sensing device, 
may be selected from among NOx, C0 2 and H 2 0. 2s 
[0042] The above and optional objects, features 
and advantages of the present invention will be better 
understood by reading the following detailed description 
of its presently preferred embodiments, when consid- 
ered in conjunction with the accompanying drawings, in 30 
which: 

Fig. 1 is a plane view showing a sensing element of 
an NOx sensor as one embodiment of the present 
invention; 35 
Fig. 2 is an elevational view in cross section taken 
along line A-A of Fig. 1, which shows in enlarge- 
ment a principal part of the sensing element of Fig. 
1; 

Fig. 3 is a graph showing a first method of control- 40 
ling the temperatures of electrodes and the oxygen 
partial pressures in first and second internal 
spaces; 

Fig. 4 is a graph showing the relationship between 
the temperature of the sensing element exposed to 45 
different exhaust gas temperatures, and the dis- 
tance from the distal end of the element; 
Fig. 5 is a graph showing the relationship between 
the NO concentration and the pumping current (Ip) 
obtained by the method of Fig. 3; so 
Fig. 6 is a graph showing a second method of con- 
trolling the electrode temperatures and the oxygen 
partial pressures in the first and second internal 
spaces; 

Fig. 7 is a graph showing the relationship between 55 
the NO concentration and the pumping current (Ip) 
obtained by the method of Fig. 6; 
Fig. 8 is a graph showing a third method of control- 



ling the electrode temperatures and the oxygen 
partial pressures in the first and second internal 
spaces; 

Fig. 9 is a graph showing a fourth method of con- 
trolling the electrode temperatures and the oxygen 
partial pressures in the first and second internal 
spaces; 

Fig. 10 is a graph showing the relationship between 
the NO concentration and the pumping current (Ip) 
obtained by the method of Fig. 9: 
Fig. 1 1 is an elevational view corresponding to that 
of Fig. 2, showing another embodiment in which an 
NOx reduction catalyst is superposed on an inter- 
nal pumping electrode; 

Fig. 12 is an elevational view corresponding to that 
of Fig. 2, showing a further embodiment in which an 
oxidation catalyst is provided in a first internal 
space; 

Fig. 13 is an elevational view corresponding to that 
of Fig. 2, showing another example of providing the 
oxidation catalyst; 

Fig. 14 is an elevational view corresponding to that 
of Fig. 2, showing a further example of providing the 
oxidation catalyst; 

Fig. 15 is an elevational view corresponding to that 
of Fig. 2, showing another embodiment having dif- 
ferent structures of second internal space and sec- 
ond diffusion means; 

Fig. 16 is a graph showing the relationship between 
the NO concentration and the pumping current (Ip) 
obtained in the embodiment of Fig. 15; 
Fig. 17 is an elevational view corresponding to that 
of Fig. 2, showing a sensing element as part of 
another embodiment of the NOx sensor of the 
present invention; 

Fig. 18 is an elevational view corresponding to that 
of Fig. 1 7, showing a modified example of the sens- 
ing element of Fig. 17; 

Fig. 19 is a graph showing the relationship between 
the electromotive force and the oxygen partial pres- 
sure at a temperature of 600°C; 
Fig. 20 is a graph showing the relationship between 
the NO concentration and the pumping current 
detected when different voltages are applied to the 
first and second electrochemical pumping cells 
while the first and second internal spaces are kept 
at 600°C; 

Fig. 21 is an elevational view corresponding to that 
of Fig. 2, showing another embodiment in which the 
second internal space and second diffusion means 
have different structures than those of Fig. 15; 
Fig. 22 is a graph showing the relationship between 
the H 2 0 concentration and the pumping current (Ip) 
upon measurement of H 2 0 in which the first and 
second internal spaces are kept at 700°C; 
Fig. 23 is a graph showing the relationship between 
the C0 2 concentration and the pumping current (Ip) 
upon measurement of C0 2 in which the first and 
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second internal spaces are kept at 700°C; 
Fig. 24 is a cross sectional view of a sensing ele- 
ment, for explaining the principle of the present 
invention; and 

Fig. 25 is a cross sectional view of a known sensing 5 
element, for explaining a known method of measur- 
ing a gas component. 

[0043] Referring first to Figs. 1 and 2, there is illus- 
trated an NOx sensor as one preferred embodiment of a 10 
sensing device of the present invention, which is 
adapted to determine the concentration of NOx as a 
component contained in a measurement gas, according 
to a method of the present invention. 
[0044] In Figs. 1 and 2, reference numeral 2 15 
denotes an elongate, planar sensing element having a 
relatively large length. This sensing element 2 has an 
integral laminar structure including a plurality of highly 
dense, gastight oxygen-ion conductive solid electrolyte 
layers 4a, 4b, 4c, 4d, 4e which are superposed on each 20 
other, as shown in Fig. 2. Each of the solid electrolyte 
layers 4a-4e is formed of a known oxygen-ion conduc- 
tive solid electrolyte material, such as zirconia. The thus 
integrally formed sensing element 2 is produced by fir- 
ing unfired solid electrolyte layers into an integral lami- 25 
nar structure, as known in the art. 
[0045] In the integral sensing element 2, a first 
internal space 6 and a second internal space 8 are sep- 
arately formed such that the second internal space 8 is 
located nearer to the distal end of the sensing element 30 
2. Each internal space 6, 8 has a rectangular shape as 
seen in a plane parallel to opposite major surfaces of 
the element 2. Independently of the first and second 
internal spaces 6, 8, a reference-gas channel 1 0 serv- 
ing as a reference-gas chamber is formed in the longitu- 35 
dinal direction of the sensing element 2, such that the 
channel 1 0 is open at the proximal end of the element 2, 
for communication with the atmosphere. In the instant 
embodiment, the first and second internal spaces 6, 8 
and reference-gas channel 10 are formed in substantial 40 
the same plane, by closing respective apertures formed 
through the solid electrolyte layer 4b, with the upper and 
lower solid electrolyte layers 4a, 4c. The sensing ele- 
ment 2 further has a first diffusion controlling passage 
12 as a first diffusion means, which is formed through 45 
the thickness of the upper solid electrolyte layer 4a. The 
first diffusion controlling passage 12 communicates the 
first internal space 6 with an exterior space where a 
measurement gas to be measured by the NOx sensor is 
present, so that the measurement gas is introduced into so 
the first internal space 6 through the passage 12, under 
a predetermined diffusion resistance provided by the 
passage 12. Further, second diffusion means in the 
form of a second diffusion controlling passage 14 is 
formed in the solid electrolyte layer 4b, to extend 55 
between the first and second internal spaces 6, 8. This 
second diffusion controlling passage 14 communicates 
with the first and second internal spaces 6, 8, so that the 



atmosphere in the, first internal space 6 is introduced 
into the second internal space 8 through the passage 
14, under a predetermined diffusion resistance pro- 
vided by the passage 14. 

[0046] Inner electrode (pumping electrode) 16, 
which is a rectangular porous platinum electrode, is 
formed on the inner surface of the solid electrolyte layer 
4a which is exposed to the first internal space 6. Fur- 
ther, outer electrode (pumping electrode) 18, which is 
also a rectangular porous platinum electrode, is formed 
on the outer surface of the solid electrolyte layer 4a, 
such that the inner and outer electrodes 16, 18 are 
aligned with each other in a plane parallel to the major 
surfaces of the sensing element 2. These electrodes 16, 
18 and solid electrolyte layer 4a constitute an electro- 
chemical cell of first oxygen pumping means, that is, a 
first electrochemical pumping cell. In operation, a 
desired voltage is applied between the inner and outer 
electrodes 16, 18 of the first electrochemical pumping 
cell, by means of an external variable power supply 20, 
to generate current flow in a predetermined direction, so 
that oxygen in the atmosphere in the first internal space 
6 is pumped out into the external measurement-gas 
space, or oxygen is pumped from the external measure- 
ment-gas space into the first internal space 6. In this 
embodiment, each of the porous platinum electrodes 
16, 18 consists of a cermet electrode formed of a mix- 
ture of platinum and zirconia (Zr0 2 ). 
[0047] Measuring electrode 22, which is a rectan- 
gular, porous platinum electrode, is formed on the sur- 
face of the solid electrolyte layer 4c which is exposed to 
the first internal space 6, while reference electrode 24, 
which is a similar porous platinum electrode, is formed 
on the surface of the solid electrolyte layer 4c which is 
exposed to the the reference-gas channel 10. These 
measuring electrode 22, reference electrode 24 and 
solid electrolyte layer 4c constitute an electrochemical 
cell of oxygen partial pressure detecting means, that is, 
an electrochemical sensing cell. As known in the art, an 
electromotive force (EMF) is induced between the 
measuring electrode 22 and the reference electrode 24, 
based on a difference in the oxygen concentration 
between the atmosphere in the first internal space 6 
and the reference gas in the reference-gas channel 10. 
This electromotive force is measured by a potentiome- 
ter 26, to thus detect the oxygen partial pressure in the 
atmosphere in the first internal space 6. Then, a voltage 
of the variable power supply 20 is regulated or control- 
led, on the basis of the level of the oxygen partial pres- 
sure as detected by the potentiometer 26, whereby the 
oxygen partial pressure in the atmosphere in the first 
internal space 6 is kept at a constant level. 
[0048] Internal pumping electrode (first pumping 
electrode) 28 is formed on the surface of the solid elec- 
trolyte layer 4c, such that the electrode 28 is located 
within the second internal space 8. This internal pump- 
ing electrode 28 is formed of porous cermet consisting 
of rhodium (Rh) as a metal capable of reducing NOx, 
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and zirconia as a ceramic material. Thus, the electrode 
28 also functions as an NOx reduction catalyst which is 
able to reduce NOx present in the atmosphere in the 
second internal space 8. When a constant voltage is 
applied between the internal pumping electrode 28 and 
the reference electrode (second pumping electrode) 24 
disposed in the reference-gas channel 10, by means of 
a power supply 30, oxygen in the atmosphere within the 
second internal space 8 is pumped out into the refer- 
ence-gas channel 10. Thus, the reference electrode 24 
also functions as a pumping electrode, and cooperates 
with the internal pumping electrode 28 and solid electro- 
lyte layer 4c to constitute an electrochemical cell of sec- 
ond oxygen pumping means, that is, a second 
electrochemical pumping cell. Ammeter 32 is adapted 
to detect a pumping current which flows by the pumping 
action of the second oxygen pumping means. The con- 
stant voltage applied by the power supply 30 is deter- 
mined so as to provide a limiting current that enables 
the second electrochemical pumping cell to effect the 
pumping of the oxygen generated by reduction of NOx, 
which is introduced into the second internal space 28, 
under the diffusion resistance provided by the second 
diffusion resistance channel 14. 
[0049] The sensing element 2 also incorporates an 
alumina insulating layer 34 which is laminated integrally 
on the solid electrolyte layers 4c, 4e, such that the layer 
34 is surrounded by three solid electrolyte layers 4c, 4e 
and 4d. Heater 36 is embedded within the alumina insu- 
lating layer 34, and is operated by an external power 
supply. As shown in Fig. 2, the heater 36 is located in a 
distal end portion of the sensing element 2 in which the 
second internal space 8 is formed, so that the second 
internal space 8 is heated to a higher temperature than 
the first internal space 6, in other words, the internal 
pumping electrode 28 is heated to a higher temperature 
than the inner electrode 16 and measuring electrode 
22. For example, the heater 36 is located so that the 
inner electrode 16 and measuring electrode 22 in the 
first internal space 6 is heated up to 400°C-600°C while 
the internal pumping electrode 28 in the second internal 
space 8 is heated up to 700°C-900°C, as the tempera- 
ture of the measurement gas varies in the range from 
300°C to 850°C. 

[0050] The thus constructed sensing element 2 is 
positioned at its distal end portion within the external 
measurement-gas space. Thus, the measurement gas 
is introduced into the first internal space 6, through the 
first diffusion controlling passage 12, under a predeter- 
mined diffusion resistance. Then, the measurement gas 
in the first internal space 6 is subjected to the oxygen 
pumping action in which a suitable voltage is applied 
between the inner and outer electrodes 16, 18 of the 
first electrochemical pumping cell, so that the oxygen 
partial pressure in the first internal space 6 is controlled 
to a predetermined level, for example, lO^atm. 
[0051] To keep the oxygen partial pressure in the 
atmosphere in the first internal space 6 at the predeter- 



mined constant level, a voltage applied between the two 
electrodes 16, 18 of the first electrochemical pumping 
cell by the variable power supply 20 is regulated so that 
the electromotive force induced between the measuring 

5 electrode 22 and the reference electrode 24 of the elec- 
trochemical sensing cell, which is detected by the 
potentiometer 26, is equal to 203mV at 500°C, for 
example, according to the Nernst equation known in the 
art. In this manner, the oxygen partial pressure in the 

10 first internal space 6 can be easily controlled to 1 0^atm 
as desired. That is, the voltage applied to the first elec- 
trochemical pumping cell is regulated so that the above- 
described electromotive force corresponds to a differ- 
ence between a desired oxygen concentration in the 

is first internal space 6 and the oxygen concentration of 
the reference gas. It is to be noted that the first diffusion 
controlling passage 1 2 functions to reduce an amount of 
oxygen in the measurement gas diffusing into the first 
internal space 6, and thus restrict a current flowing 

20 through the first electrochemical pumping cell, upon 
application of a voltage to the pumping cell. 
[0052] In the first internal space 6, the oxygen par- 
tial pressure is controlled so that NOx contained in the 
atmosphere is not reduced by the inner electrode 16 

25 and the measuring electrode 22, that is, the reaction: 
NO 1/2N 2 + 1/20 2 , for example, does not take place, 
even at a high temperature elevated by the external 
measurement gas and the heater 36. If NOx in the 
atmosphere is reduced in the first internal space 6, NOx 

30 cannot be accurately measured in the second internal 
space 8, as described later. In this sense, it is neces- 
sary to establish appropriate conditions or environment 
in the first internal space 6 so that NOx is not reduced 
by a component (at least a component of the inner elec- 

35 trade 16 of the first electrochemical pumping cell), 
which might otherwise be involved in reduction of NOx 
in the first internal space 6. 

[0053] The measurement gas, whose oxygen par- 
tial pressure has been controlled in the first internal 

40 space 6 in the above manner, is then introduced into the 
second internal space 8, through the second diffusion 
controlling passage 14, under a predetermined diffusion 
resistance. Then, the measurement gas in the second 
internal space 8 is subjected to an oxygen pumping 

45 action, in which a predetermined or constant voltage, 
e.g., 449m V, is applied at 700°C between the internal 
pumping electrode 28 and the reference electrode 24 of 
the second electrochemical pumping cell, so that oxy- 
gen is pumped from the second internal space 8 into the 

so reference-gas channel 1 0. As a result, the oxygen con- 
centration is reduced down to 10 " 10 atm in the second 
internal space 8, particularly at the three phase bound- 
ary of the internal pumping electrode 28. Consequently, 
NOx is reduced, that is, the reaction: 

55 

NO -> 1/2N 2 + 1/20 2 , 
for example, takes place, around the internal pumping 
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electrode 28 serving as NOx reduction catalyst. At this 
time, the current flowing through the second electro- 
chemical pumping cell is proportional to the oxygen 
concentration of the atmosphere in the second internal 
space 8, that is, a sum of the oxygen concentration of 5 
the atmosphere in the first internal space 6 and the con- 
centration of oxygen generated by reduction of NOx at 
the internal pumping electrode 28. Since the oxygen 
concentration of the atmosphere in the first internal 
space 6 is kept a constant, as described above, the cur- jo 
rent flowing through the second electrochemical pump- 
ing cell is proportional to the concentration of NOx. The 
NOx concentration corresponds to an amount of NOx 
which is diffused under the resistance of the second dif- 
fusion controlling passage 14. In this manner, the meas- 15 
urement of the NOx concentration can be effected. 
[0054] When the oxygen concentration of the 
atmosphere in the first internal space 6 is equal to 
0.02ppm while the NO concentration of the measure- 
ment gas is equal to 100ppm, for example, the current 20 
flowing through the second electrochemical pumping 
ceil corresponds to 50.02ppm t that is, a sum of the con- 
centration of oxygen (50ppm) generated by reduction of 
NO and the oxygen concentration (0.02ppm) of the 
atmosphere in the first internal space 6. Thus, the 25 
pumping current value of the second electrochemical 
pumping cell substantially represents the amount of NO 
reduced, and does not depend much on the oxygen 
concentration of the measurement gas. 
[0055] The principle of the present invention will be 30 
described in detail, referring to Fig. 24. In this figure, the 
measurement gas is introduced into the first internal 
space 6, through the first diffusion controlling passage 
12, and the oxygen partial pressure in the first internal 
space 6 is regulated to a predetermined, desirably low 35 
level, by the pumping action of the first electrochemical 
pumping cell 56 serving as oxygen concentration con- 
trol means. NOx is not reduced in this first internal 
space 6. Then, the atmosphere in the first internal 
space 6, having the thus regulated oxygen pressure, is 40 
introduced, through the second diffusion controlling 
passage 14, into the second internal space 8 where 
NOx is reduced. The oxygen generated by reduction of 
NOx is then pumped out from the second internal space 
8, by means of the second electrochemical pumping cell 45 
58, and the amount of NOx in the measurement gas is 
measured on the basis of a magnitude of a current flow- 
ing through the second electrochemical cell 58. 
[0056] In the above-described method, the NOx 
concentration "Cn M is obtained according to an equa- so 
tion: Cn = K • Ip 3 -A , where K is a current sensitivity 
coefficient, lp 3 is a current flowing through the second 
electrochemical pumping cell 58, and A is a constant 
indicative of a small amount of oxygen remaining in the 
first internal space 6. It will be understood that the most 55 
part of lp 3 depends on the oxygen generated by decom- 
position of the NOx component contained in the meas- 
urement gas, and that the present method permits 




highly accurate measurement of even a slight amount of 
NOx, without being affected by oxygen in the measure- 
ment gas, as compared with conventional methods. The 
outer electrodes of the first and second electrochemical 
pumping cells 56, 58, which are not exposed to the 
internal spaces 6, 8, may be located anywhere provided 
that oxygen can be discharged from these electrodes. 
For example, the outer electrodes are located in the 
ambient air. 

[0057] The graph of Fig. 3 shows one example of 
the relationship between the temperatures at the elec- 
trodes in the respective internal spaces 6, 8 and the 
oxygen partial pressures in these internal spaces 6, 8 
which are controlled in the manner as described above. 
In this graph, the first electrode is a cermet Pt electrode 
containing Zr0 2 and Pt in the volume ratio of 40 : 60, 
which electrode is co-fired with a Zr0 2 substrate at 
1400°C, while the second electrode is a cermet Rh elec- 
trode containing Zr0 2 and Rh in the volume ratio of 40 : 
60. This graph also shows the capability of these elec- 
trodes to reduce NO in relation to the oxygen partial 
pressure and the temperature at each internal space. It 
will be apparent from Fig. 3 that the Pt electrode is only 
capable of reducing NO at a relatively high temperature, 
under a relatively low oxygen partial pressure, while the 
Rh electrode is capable of reducing NO at a relatively 
low temperature, under a relatively high oxygen partial 
pressure. 

[0058] It will be understood from the above-indi- 
cated relationship between the oxygen concentration 
and the temperature that the temperature of the first 
electrodes, that is, the Pt electrodes (inner electrode 16 
and measuring electrode 22) disposed in the first inter- 
nal space 6, is controlled to within a range in which NO 
is not reduced by the first electrodes. For example, 
when the oxygen partial pressure in the first internal 
space 6 is set to 10 -6 atm, as shown in Fig. 3, the loca- 
tion and power of the heater 36 are determined so that 
the temperature in the first internal space 8 is equal to 
or lower than 650°C, even when the temperature of the 
measurement gas is 900°C (which is approximately the 
maximum temperature of the exhaust gases of automo- 
biles). The measurement gas whose oxygen partial 
pressure is controlled to lO^atm in the first internal 
space 6 is then introduced, through the second diffusion 
controlling passage 14, into the second internal space 8 
where a voltage of 450mV is applied to the internal 
pumping electrode 28 and the reference electrode 24, 
to pump out oxygen from the second internal space 8 
into the reference-gas channel 10. Thus, the oxygen 
partial pressure at the three phase boundary of the 
internal pumping electrode 28 is lowered to about 10" 
10 atm (which corresponds to the electromotive force of 
450mV that develops across the internal pumping elec- 
trode 28 and the reference electrode 24). It will be noted 
from Fig. 3 that the second electrode, that is, the Rh 
electrode as the internal pumping electrode 28, is capa- 
ble of reducing NO at 41 0°C or higher, under the oxygen 
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partial pressure of 10 * 10 atm. Accordingly, the location 
and power of the heater 36 are determined so that the 
temperature of the internal pumping electrode 28 (or 
second electrode) disposed in the second internal 
space 8 is equal to or higher than 41 0°C, even when the 5 
temperature of the measurement gas is 300°C (which is 
approximately the lowest temperature of the automobile 
exhaust gases). In this manner, NO is reduced at the 
three phase boundary of the internal pumping electrode 
28 as the second electrode, to generate oxygen which 10 
causes a current to flow through the second electro- 
chemical pumping cell. The magnitude of this current is • 
proportional to the concentration of NO. 
[0059] In the above-described first example, the 
oxygen partial pressure in the first internal space 6 is 15 
controlled to lO^atm while the oxygen partial pressure 
in the second internal space 8, more precisely, at the 
three phase boundary of the internal pumping electrode 
28 (second electrode), is controlled to 10* 10 atm. At the 
same time, the location and power of the heater 36 are 20 
determined so that the temperature at the inner elec- 
trode 16 and the measuring electrode 22 disposed in 
the first internal space 6 is not higher than 650°C, and 
the temperature at the internal pumping electrode 28 in 
the second internal space 8 is not lower than 41 0°C, as 25 
the temperature of the automobile exhaust gases varies 
over the full range of 300 to 900°C, for example. 
[0060] While a desired temperature of the sensing 
element 2 may be achieved by controlling the power of 
the heater 36, depending upon the temperature of the 30 
measurement gas, e.g., exhaust gases, the tempera- 
ture of the element may be easily controlled as desired 
by merely applying a suitable voltage to the heater 36, 
without controlling its power. That is, the sensing ele- 
ment 2 generally has a higher temperature at its distal 35 
end portion exposed to the exhaust gases. If the heater 
36 is positioned close to the distal end of the element 2, 
and the second internal space 8 including the internal 
pumping electrode 28 is provided in the distal end por- 
tion while the first internal space 6 including the inner 40 
electrode 16 and measuring electrode 22 is located 
apart from the distal end, the above-indicated desired 
temperatures of these electrodes can be achieved by 
applying a suitable voltage to the heater 36. 
[0061] Fig. 4 is a graph showing results of a test for 45 
determining the location of the heater in the sensing 
element. A sensing element used for the test has a plat- 
inum heater embedded in a Zr0 2 solid electrolyte sub- 
strate, at one of various points of the element which 
range from 1mm to 6mm as measured from its distal so 
end. The 2r0 2 substrate has a width of 4.2mm, a thick- 
ness of 1 .3mm and a length of 62mm, and the platinum 
heater has a heating portion having a width of 3.6mm 
and a length of 5mm, and has a resistance of QQ at 
room temperature. With this sensing element installed 55 
in an exhaust pipe of an automobile, a voltage of 12V is 
applied to the platinum heater, and the temperatures at 
the above-described various points of the element are 
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measured when exposed to exhaust gases having 
300°C and §00°C. 

[0062] As is apparent from Fig. 4, the temperature 
of the sensing element is 650°C or lower in its region 
which is 5.2mm or more away from the distal end of the 
element, when the exhaust gas has the maximum tem- 
perature of 900°C. Therefore, the first electrodes, i.e., 
the inner electrode 16 and measuring electrode 22 are 
located in the above region that is 5.2mm or more away 
from the distal end. When the exhaust gas has the low- 
est temperature of 300°C, the temperature of the sens- 
ing element is 410°C or higher in its region which is 0 - 
6.2mm away from the distal end of the element. There- 
fore, the second electrode, i,e, the internal pumping 
electrode 28, is located in the above region that is in the 
0 - 6.2mm distance from the distal end. In this manner, 
there is obtained the NOx sensor according to the 
present invention, in which the temperatures of the 
respective electrodes are controlled as shown in the 
graph of Fig. 3. it is to be noted that the distribution of 
the temperatures in the sensing element as described 
above can be achieved as desired, by suitably selecting 
the power (resistance), size (length) and location of the 
heater. 

[0063] Fig. 5 is a graph showing the relationship 
between the NO concentration measured by the above- 
described NOx sensor, and the pumping current (diffu- 
sion limiting current: Ip). It is found in this graph that the 
pumping current (Ip) is linearly proportional to the NO 
concentration. Thus, the NO concentration can be eas- 
ily obtained by measuring the current (Ip). In this case, 
Ip is 0.03uA when NO is equal to 0 ppm, which means 
that the pumping current of 0.03uA is required to pump 
out an amount of oxygen which corresponds to a differ- 
ence between the oxygen concentration (10 6 atm) in the 
atmosphere in the first internal space 6, and the oxygen 
concentration in the atmosphere in the second internal 
space 8, more precisely, at the three phase boundary of 
the internal pumping electrode 28. Although this pump- 
ing current of 0.03uA does not affect the measurement 
of the NO concentration of several dozens of ppm, tak- 
ing account of the sensitivity: 30uA/2000ppm = 
0.015uA/ppm, the same pumping current may cause an 
error when the NO concentration to be measured is 
lower than 10ppm. It is therefore preferable that the 
pumping current is as closest to 0 as possible when NO 
is equal to Oppm. This can be achieved either by con- 
trolling the oxygen partial pressure in the atmosphere in 
the first internal space 6 to the possibly lowest level 
while avoiding reduction of NOx, or by equalizing the 
oxygen partial pressure in the first internal space 6 with 
that in the second internal space 6, measured at the 
three phase boundary of the internal pumping electrode 
28. 

[0064] Fig. 6 is a graph showing a second example 
of the relationship between the temperatures at the 
electrodes in the first and second internal spaces 6, 8, 
and the oxygen partial pressures in these internal 
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spaces 6, 8 which are controlled in the manner as 
described above. In this example, the oxygen partial 
pressure in the first internal space 6, and the oxygen 
partial pressure at the three phase boundary of the 
internal pumping electrode 28 (second electrode) in the 5 
second internal space 8 are both controlled to 10 8 atm. 
The heater 36 is provided so that the temperature at the 
first electrodes (inner electrode 1 6 and measuring elec- 
trode 22) is 490°C or lower, and the temperature at the 
second electrode (internal pumping electrode 28) is 
430°C or higher. 

[0065] Fig. 7 is a graph showing the relationship 
between the pumping current (Ip) and the NO concen- 
tration measured by the NOx sensor of the second 
example. Since the oxygen partial pressures in the first 
internal space 6 and at the three phase boundary of the 
second electrode (internal pumping electrode 28) in the 
second internal space 8 are controlled to the same 
value in this example, Ip is OuA where NO is equal to 
Oppm. 

[0066] Fig. 8 is a graph showing a third example of 
the relationship between the temperatures at the elec- 
trodes and the oxygen partial pressures. In this exam- 
ple, the first electrodes (inner electrode 16 and 
measuring electrode 22) and the second electrode 
(internal pumping electrode 28) are both comprised of 
Pt electrodes, and the oxygen partial pressures in the 
first internal space 6 and at the three phase boundary of 
the second electrode (internal pumping electrode 28) in 
the second internal space 8 are both controlled to 10 
6 atm. The heater 36 is provided so that the temperature 
at the first electrodes is lower than 650°C, and the tem- 
perature at the second electrode is 650°C or higher. 
[0067] Fig. 9 is a graph showing a fourth example of 
the relationship between the temperatures at the elec- 
trodes and the oxygen partial pressures. In this exam- 
ple, the first electrodes (inner electrode 16 and 
measuring electrode 22) and the second electrode 
(internal pumping electrode 28) are both comprised of 
Pt electrodes, and the oxygen partial pressure in the 
first internal space 6 is controlled to 10 6 atm while the 
oxygen partial pressure at the three phase boundary of 
the second electrode (internal pumping electrode 28) in 
the second internal space 8 is controlled to 10 10 atm. 
The heater 36 is provided so that the first electrodes are 
heated to 650°C or lower, and the second electrode is 
heated up to 430°C or higher. 

[0068] In the fourth example, a pumping current IP 0 
flows when NO is equal to Oppm, as described above. 
This pumping current IP 0 is kept a constant if the oxy- 
gen partial pressures in the first and second internal 
spaces 6, 8 are kept constant, and can therefore be 
easily subtracted from the pumping current Ip. Fig. 10 is 
a graph showing the relationship between the pumping 
current Ip and the NO concentration measured by the 
NOx sensor of this example. 

[0069] In the above-described examples, the meas- 
urement gas is introduced into the first internal space, 



where the oxygen concentration of the gas is controlled 
to a predetermined value by the oxygen pumping action 
of the first electrochemical pumping cell, while the oxy- 
gen partial pressure and the temperature are suitably 
controlled to avoid reduction of NOx. Then, the meas- 
urement gas having the predetermined oxygen concen- 
tration is introduced from the first internal space into the 
second internal space, where the temperature and oxy- 
gen concentration are determined so that the NOx com- 
ponent in the gas is reduced at the three phase 
boundary of the NOx reduction catalyst (internal pump- 
ing electrode 28) disposed in the second internal space. 
A pumping current measured upon the oxygen pumping 
action of the second electrochemical pumping cell is 
proportional to the NOx concentration of the measure- 
ment gas. Thus, NOx can be effectively determined on 
the basis of the pumping current, without being affected 
by the oxygen concentration of the measurement gas. 
[0070] In the above-described NOx sensor as the 
sensing device of the present invention, the first internal 
space 6 is positioned downstream of the first diffusion 
controlling passage 12, and the second diffusion con- 
trolling passage 14 is positioned downstream of the first 
internal space 6, as seen in the direction of flow of the 
measurement gas. Therefore, clogging due to oil ash 
may take place at the first diffusion controlling passage 
12, but not likely at the second diffusion controlling pas- 
sage 14. If the diffusion resistance values D1 , D2 of the 
first and second diffusion controlling passages 12, 14 
are determined to satisfy the relationship: D1 + a « D2, 
where a is a variation of the diffusion resistance due to 
clogging, the measurement of the NOx concentration is 
not affected by such clogging. Thus, the clogging of the 
first diffusion controlling passage 12 only results in 
reduction of the pumping current for keeping the oxygen 
concentration in the first internal space at a constant 
level, and will not affect the measurement of NOx since 
the gas containing NOx is substantially diffused through 
the second diffusion controlling passage 14. 
[0071] In the first and second examples, the first 
electrodes (16, 22) disposed in the first internal space 6 
are cermet electrodes containing Pt, while the second 
electrode (28) is a cermet electrode containing Rh. In 
the third and fourth examples, the first and second elec- 
trodes are both comprised of cermet electrodes con- 
taining Pt. However, the electrode materials are not 
necessarily limited to those as employed in the above 
examples. For example, the first electrode may be a cer- 
met electrode containing Au or an alloy of Au and Pt, 
and the second electrode may be a Rh-containing cer- 
met electrode. Since the Au/Pt cermet electrode as the 
first electrode is less likely to reduce NOx, the oxygen 
partial pressure and temperature in the first internal 
space can be' more freely determined from within 
increased allowable ranges. While metals used for the 
electrodes may be suitably selected from known metals, 
both the first and second electrodes may be Au-contain- 
ing electrodes, with a Rh- or Pt-containing electrode or 
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a catalyst superposed on the second electrode. The 
catalyst may be a ceramic porous layer formed of alu- 
mina, which loads thereon an NOx reducing metal. 
Alternatively, the first and second electrodes may be Pt- 
containing electrodes, with a Rh-containing catalyst 5 
electrode disposed on the second Pt electrode. It is also 
possible that the first and second electrodes made of 
the same material are exposed to different tempera- 
tures, for example. 

[0072] It is desirable that the first and second elec- 
trodes are cermet electrodes comprised of a metal and 
a suitable ceramic material. For the second electrode 
which function as an NOx reduction catalyst, as in the 
illustrated embodiment, a porous cermet electrode is 
desirably employed which is formed of a ceramic and a 
known metal, such as Rh and Pt, capable of reducing 
NOx. An NOx reduction catalyst may be provided in the 
vicinity of the internal pumping electrode 28 disposed in 
the second internal space 8, or an NOx reduction cata- 
lyst 42 as shown in Fig. 1 1 may be laminated by printing 
or other method on the internal pumping electrode 28. 
This catalyst 42 is a porous alumina layer loading an 
NOx reducing catalyst, such as rhodium. In the sensing 
element as shown in Fig. 1 1 , the heater 36 is located on 
the side of the second internal space 8, so that the sec- 
ond internal space 8 is heated to a higher temperature 
than the first internal space 6, whereby the NOx reduc- 
tion catalyst 42 performs its function more effectively. 
[0073] Where the measurement gas consists of 
exhaust gases generated under a rich burn engine 
operation, the gas contains large amounts of unburned 
components, such as CO and HC, which may react with 
NOx to cause a measuring error of the NOx sensor. To 
avoid this, the first internal space 6 is preferably filled 
with an oxidation catalyst 38 formed from porous alu- 
mina, for example, for oxidizing the unburned compo- 
nents, such as CO and HC, in the measurement gas, as 
shown in Fig. 12. In this case, the polarity of the first 
electrochemical pumping cell is reversed with respect to 
that in the case of a lean burn engine operation. That is, 
oxygen in the measurement gas is pumped from the 
exterior space into the first internal space 6. The provi- 
sion of the oxidation catalyst 38 in the first internal 
space 6 is effective for eliminating influences due to the 
reducing gases, such as CO and HC, even when the 
measurement gas is produced as a result of the rich 
burn operation. 

[0074] While the first internal space 6 is filled with 
the oxidation catalyst 38 in the embodiment of Fig. 12, 
the catalyst 38 may be provided on a portion of the solid 
electrolyte layer 4c between the first diffusion controlling 
passage 12 and the measuring electrode 22, or may be 
provided by printing on the inner electrode 16. That is, 
the oxidation catalyst 38 may be located anywhere pro- 
vided the unburned components, such as CO and HC, 
are oxidized before the measurement gas reaches the 
second internal space 8. 

[0075] To oxidize the unburned components, such 



as CO and HC, there i? no need to provide the oxidation 
catalyst 38. that is, the oxidation can be promoted if the 
inner electrode 16 functions as an oxidation catalyst. 
Even if the inner electrode 16 consists of an Au or Au/Pt 
alloy electrode which does not serve as an oxidation 
catalyst, the unburned components in the measurement 
gas can be oxidized under appropriate conditions, 
including the oxygen partial pressure and the tempera- 
ture, in the first internal space 6. These conditions must 
be also advantageous for measurement of NOx, assur- 
ing the oxygen partial pressure which is as low as pos- 
sible and closest to that of the second internal space 8. 
For example, the oxidation can readily take place in the 
first internal space 6 if the oxygen partial pressure is at 
least 10 _10 atm at 500°C, and at least 10 _15 atm at 600°C. 
[0076] In the above-described method of measur- 
ing NOx, the measurement gas is controlled in the first 
internal space 6, to provide an atmosphere which is 
effective for measurement of NOx. More specifically, 
oxygen is pumped out from or pumped into the atmos- 
phere in the first internal space 6, by the pumping action 
of the first electrochemical cell, so that the oxygen par- 
tial pressure in the space 6 is kept at a constant level 
which is almost the same as that in the second internal 
space 8, and which enables oxidation of the unburned 
components, such as CO and HC, contained in the 
measurement gas. Consequently, the oxidation of the 
unburned components is effected, thereby to avoid 
reaction between such unburned components and NOx, 
assuring more accurate measurement of the NOx con- 
centration. This is particularly effective with respect to a 
measurement gas which is produced as a result of com- 
bustion under a rich burn engine operation, and thus 
contains considerably large amounts of carbon monox- 
ide, hydrocarbon and other unburned components. 
[0077] The oxidation of the unburned components 
in the measurement gas as described above is effective 
for eliminating any influence by the unburned compo- 
nents on the NOx measurement accuracy, with respect 
to exhaust gases produced not only under the rich burn 
engine operation, but also under the lean burn engine 
condition which may produce slight amounts of such 
unburned components as described above. 
[0078] The oxidation catalyst 38 may be laminated 
on the upper solid electrolyte layer 4a, as shown in Fig. 
13, such that the catalyst 38 is located in the external 
measurement gas space while closing an open end of 
the first diffusion controlling passage 12. This is effec- 
tive mainly for eliminating measuring errors due to CO 
and HC produced when the engine operates under lean 
A/F condition. This embodiment is not suitable for the 
rich burn engine operation since the whole amounts of 
CO and HC cannot be oxidized due to shortage of oxy- 
gen in the measurement gas. In a further embodiment 
as shown in Fig. 14, additional solid electrolyte layers 4f 
and 4g are superposed on the solid electrolyte layer 4a, 
with a gas inlet channel 40 defined by these three solid 
electrolyte layers 4f, 4g, 4a. The oxidation catalyst 38 is 
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located in the gas inlet channel 40. In this case, the oxi- 
dation of CO, HC and others is more effectively pro- 
moted since the oxidation catalyst 38 is located in a 
relatively high-temperature distal end portion of the sen- 
sor, as compared with the embodiment of Fig. 12. 5 
[0079] To regulate the oxygen concentration at the 
three phase boundary of the second electrode (28) 
serving as an NOx reduction catalyst, in the second 
internal space 8, the oxygen is pumped from the second 
electrode (28) to the reference electrode 24 in the illus- 10 
trated embodiments. However, the second electrode 
(28) may cooperate with the outer electrode 18 of the 
first electrochemical pumping cell, to constitute a sec- 
ond electrochemical pumping cell, so as to pump the 
oxygen in the second internal space 8 toward the outer 15 
electrode 18. It is also possible to provide another elec- 
trode in the second internal space 8 to pump out oxygen 
in the second internal space 8, in addition to the second 
electrode (28) as the NOx reduction catalyst. In this 
case, on the basis of an electromotive force induced 20 
between the NOx reduction catalyst electrode (28) and 
the reference electrode 24, oxygen may be pumped 
from the additional pump-out electrode toward the refer- 
ence electrode, the outer electrode 18, or a further elec- 
trode adapted to pump out the oxygen, so as to regulate 25 
the oxygen concentration at the three phase boundary 
of the NOx reduction catalyst electrode. 
[0080] In the illustrated embodiments, the oxygen 
partial pressure in the first internal space 6 is regulated 
by continuously varying a voltage to be applied to the 30 
pumping electrodes 16, 18 of the first electrochemical 
pumping cell, based on the level of the electromotive 
force detected at the electrochemical sensing cell. How- 
ever, a constant voltage may be applied to these pump- 
ing electrodes 16, 18, or a single electrochemical cell 35 
may serve as both a pumping cell and a sensing cell at 
different shared time. 

[0081] The reference electrode 24 is not necessar- 
ily held in communication with the atmosphere through 
the reference-gas channel 10. Rather, the reference 40 
electrode 24 may be disposed in a space in which the 
oxygen that is pumped out from the second electrode 
(28) is stored. 

[0082] Further, the second internal space and the 
second diffusion means may be constituted by a space 45 
which is filled with a porous body. More specifically, the 
second internal space 8 and the second diffusion con- 
trolling passage 4 of the sensing element 2 shown in 
Fig. 2 may be replaced by an arrangement as shown in 
Fig. 15, in which an internal space adjacent to the first so 
internal space 6 is filled with a porous body 44 made of 
alumina, for example, to provide both the second diffu- 
sion means and the second internal space. This 
arrangement simplifies the internal structure of the -NOx 
sensor. In this embodiment, the diffusion resistance of 55 
the second diffusion means (44) is determined to be 
larger than that of the first diffusion controlling passage 
12, such that the atmosphere in the first internal space 



6 is not influence^ by the atmosphere in the second 
internal space. 

[0083] The porous body 44 may be printed on the 
internal pumping electrode 28, as shown in Fig. 21. In 
this arrangement, the porous body 44 constitutes the 
second diffusion means, and the porous body 44 itself 
substantially provides the second internal space. 
[0084] In operation of the sensing element 2 con- 
structed as described above, a voltage applied between 
the two electrodes 16, 18 of the first electrochemical 
pumping cell is controlled so that an electromotive force 
of 203mV is induced at 500°C between the measuring 
electrode 22 in the first internal space 6, and the refer- 
ence electrode 24. At the same time, a constant voltage 
is applied between the internal pumping electrode 28 
and the reference electrode 24 of the second electro- 
chemical pumping cell, so that an electromotive force of 
449mV is induced at 700°C between these electrodes 
28, 24. In this condition, the NO concentration linearly 
varies with the pumping current (Ip) of the second elec- 
trochemical pumping cell, as shown in the graph of Fig. 
16. Accordingly, the NO concentration is determined by 
measuring the magnitude of the pumping current (Ip). 
[0085] The arrangement of the sensing element as 
shown in Fig. 15 may be modified such that the porous 
structure of the second diffusion means 44 loads 
therein an NOx reduction catalyst, or such that an oxi- 
dation catalyst for oxidizing the unburned components, 
such as CO and HC, is disposed in the first internal 
space 6. Thus, the present sensing element may be 
modified as needed, while assuring NOx detecting 
characteristics similar to those of the sensing element of 
Fig. 15. 

[0086] The materials for the electrodes (16, 22) dis- 
posed in the first internal space 6 and the electrode (28) 
disposed in the second internal space (second diffusion 
means 44) are suitably selected such that the electrode 
(28) in the second internal space has the same or 
higher capability of reducing NOx than the electrodes 
(16, 22) in the first internal space 6. In addition, an NOx 
reduction catalyst layer may be provided on the elec- 
trode (28) in the second internal space. 
[0087] The location of the reference electrode and 
the the reference-gas chamber and the kind of the refer- 
ence gas are suitably selected, such that the electromo- 
tive force determined according to the Nernst equation 
is induced between the measuring electrode in the first 
internal space 6 and the reference electrode. 
[0088] The position and power of the heater are 
suitably selected such that the temperature at the elec- 
trodes in the first internal space 6 is lower than the tem- 
perature at the electrode in the second internal space 
(second diffusion means 44). 

[0089] The NOx sensor according to the present 
invention may have the first and second diffusion means 
in the form of a narrow, flat space having a predeter- 
mined diffusion resistance. The flat space is formed in 
the sensing element so as to be open to the external 
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measurement-gas space, as shown in Fig. 17 by way of 
example. 

[0090] The sensing element 2 as shown in Fig. 17 
has an integral laminar structure including six oxygen- 
ion conductive solid electrolyte layers 4a, 4b, 4c, 4h, 4d, 5 
4e which are superposed on each other in this order. 
The second uppermost solid electrolyte layer 4b has a 
rectangular cutout or notch at its distal end portion, 
which provides a narrow, flat space 50 having a prede- 
termined diffusion resistance. The flat space 50 is open 10 
at the distal end of the sensing element 2, and extends 
over a suitable length in the longitudinal direction of the 
element 2. That is, the flat space 50 has an elongate, 
rectangular shape as seen in a plane parallel to the 
major surfaces of the sensing element 2, and is open at 15 
one of the opposite short sides to the external measure- 
ment-gas space. 

[0091] In operation, the external measurement gas 
is introduced through the opening of the flat space 50, 
and reaches an innermost part of the flat space 50, 20 
under a predetermined diffusion resistance. Thus, the 
flat space 50 itself constitutes the first and second diffu- 
sion means. The inner electrode (pumping electrode) 
16 of the first electrochemical pumping cell is provided 
in a portion of the flat space 50 adjacent to its opening, 25 
which portion forms the first internal space 6, while the 
internal pumping electrode 28 of the second electro- 
chemical pumping cell is provided in a deeper portion of 
the flat space 50 inside of the first internal space 6, 
which portion forms the second internal space 8. 30 
[0092] In the instant embodiment, reference-gas 
channel 10 is formed through the solid electrolyte layer 
4h, such that the channel 10 is open at a proximal end 
of the sensing element, for communication with the 
atmosphere. Reference electrode 24 disposed in the 35 
reference-gas channel 10 cooperates with the measur- 
ing electrode 22 provided in the flat space 50 to consti- 
tute the electrochemical sensing cell, and cooperates 
with the internal pumping electrode 28 to constitute the 
second electrochemical pumping cell. Thus, the refer- 40 
ence electrode 24 also serves as one of the pumping 
electrodes. 

[0093] The other parts of the NOx sensor as shown 
in Fig. 17 are similar to those of the NOx sensor of Fig. 
2, and the same reference numerals are used in the fig- 45 
ures for the corresponding elements, of which no 
detailed description will be provided. The specific struc- 
tures for the flat space 50 and the reference-gas chan- 
nel 10 formed in the sensing element 2 are shown in 
detail in Figs. 10 and 11 of JP-B2-5-18059, from which so 
the structure of the sensing element of Fig. 17 is to be 
understood. 

[0094] Fig. 1 8 shows a modified embodiment of the 
sensing element 2 as shown in Fig. 17. In this embodi- 
ment, an open end portion of the flat space 50 is filled 55 
with a porous body 52 having a predetermined diffusion 
resistance. The measurement gas is introduced through 
the porous body 52 into the flat space 50, under the pre- 
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determined diffusion resistance, and the introduced gas 
is subjected to an oxygen pumping action of the first 
oxygen pumping means, in the first internal space 6 pro- 
vided by a portion of the flat space 50 adjacent to the 
porous body 52. The provision of the porous body 52 is 
advantageous in that the diffusion of the gas into the 
first internal space 6 can be controlled with high reliabil- 
ity, and that unburned components, such as CO and 
HC, are effectively oxidized at the porous body 52. 
[0095] In the illustrated embodiments of the NOx 
sensor, the effective decomposition and reduction of 
NOx are achieved due to a temperature difference 
between the first and second internal spaces 6, 8. How- 
ever, the atmospheres in the first and second internal 
spaces 8 do not necessarily have different tempera- 
tures. In the example of Fig. 3, for instance, if the tem- 
perature of both of the first and second internal spaces 
6, 8 is set to 600°C, the Pt electrode (16) disposed in the 
first internal space 6 will not reduce NOx under the oxy- 
gen partial pressure of about 10 ^atm or higher, while 
the Rh electrode (28) disposed in the second internal 
space 8 will reduce NOx under the oxygen partial pres- 
sure of 10" 5 atm or lower. It is therefore possible to 
measure NOx with high accuracy even when both the 
first and second internal spaces 6, 8 have the same 
temperature of 600°C, if the oxygen partial pressure of 
the atmosphere in the first internal space 6 is controlled 
to 10 ^atm or higher, and the oxygen partial pressure of 
the atmosphere in the second internal space 8 is con- 
trolled to 10 * 5 atm or lower. 

[0096] If the electrodes having no or little capability 
of reducing NOx, such as those containing Au or an 
alloy of Au and Pt, are employed, the measurement of 
NOx can be effected under a condition where the tem- 
perature of the first internal space is higher than that of 
the second internal space. For example, the alloy elec- 
trode containing Pt and 1% of Au, which does not 
reduce NOx at 800°C under the oxygen partial pressure 
of 10" 15 atm, may be employed for measurement of 
NOx, even if the first internal space is kept at 800°C with 
the oxygen partial pressure of 10" 10 atm, and the second 
internal space is kept at 600°C with the oxygen partial 
pressure of 10" 10 atm. 

[0097] Fig. 19 is a graph showing the relationship 
between the electromotive force and the oxygen partial 
pressure at a temperature of 600°C. If the oxygen par- 
tial pressure of the atmosphere in the first internal 
space 6 is regulated so that the electromotive force at 
the measuring electrode 22 of the electrochemical 
sensing ceil is 150mV, the oxygen partial pressure in the 
first internal space 6 becomes equal to about 10 ^atm, 
and therefore NOx is not reduced in the first internal 
space 6. If 450mV is applied to the internal pumping 
electrode 28 of the second electrochemical pumping 
cell, which electrode is disposed in the second internal 
space 8, the oxygen partial pressure at the three phase 
boundary of the pumping electrode 28 becomes equal 
to about 10' 11 atm, and therefore NOx is reduced at the 
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internal pumping electrode 28. The oxygen generated 
by the reduction of NOx can be detected by the pump- 
ing current of the second electrochemical pumping cell. 
The graph of Fig. 20 shows the relationship between the 
NO concentration and the pumping current (Ip). 5 
[0098] While the sensors of the illustrated embodi- 
ments are adapted for measuring NOx as a component 
of the measurement gas, it is to be understood that the 
present invention may be equally advantageously prac- 
ticed for measurement of other gas components con- 10 
taining bonded oxygen, such as H 2 0 or C0 2 , which 
measurement may be affected by oxygen present in the 
measurement gas. 

[0099] Where the sensing element 2 as shown in 
Figs. 1 and 2 is used for measuring H 2 0 (water) in the 15 
measurement gas, the atmosphere in the first internal 
space 6 is initially subjected to the oxygen pumping 
action of the first electrochemical pumping cell, so that 
the oxygen partial pressure is controlled to the possibly 
lowest level, e.g., 10~ 10 atm, under which H 2 0 is not 20 
decomposed. Then, the measurement gas (the atmos- 
phere in the first internal space 6) having the constant 
low level of the 0 2 concentration is introduced into the 
second internal space 8, through the second diffusion 
controlling passage 1 4. With the power supply 30 apply- 25 
ing a fixed voltage of 1.5V between the electrodes 24, 
28 of the second electrochemical pumping cell, H 2 0 
contained in the atmosphere in the second internal 
space 8 is decomposed into H 2 and 0 2 , and the thus 
produced 0 2 is pumped out by the pumping cell at the 30 
same time. The pumping current detected by the 
ammeter 32 upon the pumping action of the second 
electrochemical pumping cell is proportional to the H 2 0 
concentration of the atmosphere in the second internal 
space 8. Since oxygen in the measurement gas is 35 
reduced down to 10 " 10 atm (O.OOOIppm) in the first 
internal space 6, the above pumping current substan- 
tially represents the oxygen generated by decomposi- 
tion of H 2 0. Fig. 22 is a graph showing the relationship 
between the H 2 0 concentration and the pumping cur- 40 
rent (Ip) when the first and second internal spaces 6, 8 
are both heated up to 700°C. 

[0100] In the measurement of H 2 0 as described 
above, a pumping voltage of the second electrochemi- 
cal pumping cell is controlled to not less than 1 V so as 45 
to decompose H 2 0 in the atmosphere. If the voltage is 
less than 1 V, H 2 0 will not be fully decomposed. At the 
same time, the pumping voltage is desirably controlled 
to not higher than 3V, since the solid electrolyte mate- 
rial, such as Zr0 2 , may be decomposed with a result of so 
reduced mechanical strength, if a voltage higher than 
3V is applied to effect the pumping action for a long 
time. Accordingly, the pumping voltage is preferably 
determined in the range of 1.2V to 2.5V. 
[0101] The sensing element 2 as shown in Figs. 1 55 
and 2 may also be used for measuring C0 2 contained in 
the measurement gas, in the same manner as 
described above with respect to H 2 0. In the measure- 



ment of C0 2 , the oxygen partial pressure of the atmos- 
phere in the first internal space 6 is first controlled to the 
possibly lowest level, e.g., 10" 10 atm, under which C0 2 is 
not decomposed. Then, the atmosphere having the 
constant low level of the 0 2 concentration is introduced 
into the second internal space 8, through the second 
diffusion controlling passage 14. With the power supply 
30 applying a fixed voltage of 1 .5V to the second elec- 
trochemical pumping cell, the oxygen is pumped out 
from the internal pumping electrode 28 toward the refer- 
ence electrode 24. During this pumping action, C0 2 in 
the second internal space 8 is decomposed into CO and 
0 2 , and the thus produced 0 2 is pumped out by the 
pumping cell at the same time. The pumping current 
thus obtained is proportional to the C0 2 concentration. 
Since oxygen in the measurement gas is reduced down 
to 10" 10 atm (O.OOOIppm) in the first internal space 6, 
the above pumping current substantially represents the 
oxygen generated by decomposition of C0 2 . Fig. 23 is a 
graph showing the relationship between the C0 2 con- 
centration and the pumping current (Ip) when the first 
and second internal spaces 6, 8 are both heated up to 
700°C. 

[0102] In the measurement of C0 2 as described 
above, a pumping voltage of the second electrochemi- 
cal pumping cell is controlled to be not less than 1 V so 
as to decompose C0 2 in the atmosphere. If the voltage 
is less than 1 V, C0 2 will not be fully decomposed. At the 
same time, the pumping voltage is desirably controlled 
to be not higher than 3V, since the solid electrolyte 
material, such as Zr0 2 , may be decomposed with a 
result of reduced mechanical strength, if a voltage 
higher than 3V is applied to effect the pumping action for 
a long time. Accordingly, the pumping voltage is prefer- 
ably determined in the range of 1.2V to 2.5V. 
[0103] Thus, the concentration of the gas compo- 
nent having bonded oxygen, such as H 2 0 and C0 2 , can 
be obtained by detecting the pumping current (Ip) for 
pumping out the oxygen generated upon decomposition 
of the gas component in the second internal space 8, in 
the same manner as the NOx concentration is deter- 
mined. In this connection, a suitable decomposing cata- 
lyst may be provided in the second internal space 8, as 
in the case of NOx, so as to positively promote decom- 
position of the gas component, such as H 2 0 and C0 2 . 
[0104] While the present invention is particularly 
advantageously practiced for measuring a component 
containing combined gas, such as NOx, H 2 0, or C0 2 , in 
a measurement gas, the present invention is not limited 
to these applications but is equally applicable for meas- 
urement of any gas component, provided the measure- 
ment is affected by oxygen in the measurement gas. 
Upon measurement of H 2 or NH 3 in a measurement 
gas, for example, these components may be burnt due 
to oxygen in the gas, resulting in deteriorated measur- 
ing accuracy. If the oxygen in the measurement gas is 
removed in the first internal space according to the 
present invention, the H 2 or NH 3 concentration can be 
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measured with high accuracy in the second internal 
space. 

[0105] The concentration of each of H 2 , NH 3 and 
other various gas components present in the atmos- 
phere in the second internal space may be measured by 5 
a selected one of known detecting means. More specif- 
ically, H 2 may be measured by using a proton pump 
constructed similarly to the oxygen pumping means. 
The proton pump consists of a proton-ion conductive 
solid electrolyte layer, and a pair of electrodes formed in 10 
contact with the layer. In operation, a current is applied 
to the pair of electrodes, so as to pump out H 2 from the 
second internal space, and the H 2 concentration is 
determined by detecting the pumping current. Likewise, 
NH 3 is measured by 1) decomposing NH 3 into H 2 and 15 
N 2 in the second internal space, 2) pumping out the H 2 
thus generated by means of the proton pump as 
described above, and 3) detecting the pumping current 
during the pumping action, so as to determine the NH 3 
concentration. 20 
[0106] It is to be understood that the present inven- 
tion may be otherwise embodied with various other 
changes, modifications and improvements, which may 
occur to those skilled in the art, without departing from 
the scope of the invention. 25 

Claims 

1 . A method of measuring concentration of NOx as a 
component of a measurement gas, comprising the 30 
steps of: 

introducing the measurement gas containing 
the NOx component from an external measure- 
ment-gas space into a first internal space (6), 35 
with a first diffusion resistance; 
controlling the amount of oxygen in the meas- 
urement gas within said first internal space so 
as to produce an atmosphere having a prede- 
termined oxygen partial pressure; 40 
introducing said atmosphere from said first 
internal space into a second internal space (8) 
with a second diffusion resistance; 
determining the concentration of the NOx com- 
ponent present in the atmosphere in said sec- 45 
ond internal space by contacting the gas in said 
second internal space with a NOx decomposi- 
tion catalyst so as to derive oxygen from the 
NOx component and measuring the oxygen in 
said second internal space; and so 
controlling at least one of the oxygen partial 
pressure and the temperature of the atmos- 
pheres in said first and second internal spaces 
so that the determined concentration of the 
NOx component of the atmosphere in said sec- 55 
ond internal space corresponds to the concen- 
tration of NOx in said measurement gas. 
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2. A method according to claim 1 , wherein said NOx 
component in said second internal space (8) whose 
concentration is determined consists essentially of 
NO. 

3. A method according to claim 1 or 2, wherein said 
amount of oxygen in the measurement gas is con- 
trolled in said first internal space so that said 
atmosphere has a substantially negligible level of 
oxygen concentration. 

4. A method according to claim 1 or 3, wherein said 
amount of oxygen in the measurement gas is con- 
trolled in said first internal space (6) by an oxygen 
pumping action of a first electrochemical cell (4a, 
16,18; 56). 

5. A method according to any one of claims 1 to 4, 
wherein said second internal space (8) is filled with 
a porous body (44) having said second diffusion 
resistance. 

6. A method according to any one of claims 1 to 5, 
comprising the steps: 

pumping out oxygen produced from the NOx in 
the second internal space (8) by an oxygen 
pumping action of a second electrochemical 
cell (4c, 24, 28; 58); and 
detecting a pumping current flowing through 
said second electrochemical cell (4c, 24, 28; 
58), so as to calculate the concentration of the 
NOx in the measurement gas, on the basis of 
said pumping current. 

7. A method according to claim 1 , wherein the oxygen 
partial pressure in said first internal space (6) is 
regulated by an oxygen pumping action of a first 
electrochemical pumping cell (4a, 16, 18; 56), so as 
to produce an atmosphere having a predetermined 
level of the oxygen partial pressure, which does not 
allow decomposition of the NOx at a first elevated 
temperature of the first internal space, while the 
oxygen partial pressure in said second internal 
space (8) is regulated by pumping out oxygen by an 
oxygen pumping action of a second electrochemi- 
cal pumping cell (4c, 24, 28; 58), so that the oxygen 
partial pressure is regulated to a predetermined 
level which allows reduction or decomposition of 
NOx at a second elevated temperature of the sec- 
ond internal space. 

8. A method according to claim 4, wherein the oxygen 
partial pressure in said first internal space (6) is 
detected, and the oxygen pumping action of said 
first electrochemical cell (4a, 16, 18; 56) is control- 
led by varying a voltage applied to the first electro- 
chemical cell, based on the detected oxygen partial 



16 




EP 1 001 262 A1 




pressure, so that the oxygen partial pressure in the 
first internal space is regulated to a constant level. 

9. A method according to claim 6 t wherein the oxygen 
pumping action of said second electrochemical cell 5 
(4c, 24, 28; 58) is effected by applying thereto a 
constant voltage which provides a diffusion limiting 
current to the gas component, the oxygen partial 
pressure of the atmosphere in said second internal 
space (8) being regulated by application of said dif- w 
fusion limiting current. 

10. A method according to claim 7, wherein said sec- 
ond elevated temperature of the second internal 
space is not lower than said first elevated tempera- 15 
ture of the first internal space. 

11. A method according to claim 7, wherein the oxygen 
partial pressure in said second internal space is not 
higher than the oxygen partial pressure in said first 20 
internal space. 

12. A method according to claim 8, wherein oxygen is 
pumped out from the atmosphere in said first inter- 
nal space due to said oxygen pumping action of 25 
said first electrochemical pumping cell, so that the 
oxygen partial pressure of the atmosphere is made 
lower than that of the measurement gas. 
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FIG.2 
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